Abstract
I. Introduction
The field of nanoscience and nanotechnology has an exciting progress in recent years, particularly regarding the control synthesis of ultrafine particles or nanoparticles that might have a great potential for use in solidstate functional materials and devices, like phosphors, sensors, catalysts, drug delivery carriers etc.
[1] The key points important for the future research of nanophased materials represent the ability for further improvement of material properties through nanostructuring and fundamental research of structure-properties relationship. The chemical synthesis routes, like liquid precipitation, sol-gel, hydrothermal methods or synthesis through aerosol, offer many advantages over conventional procedures for nanoscaled materials processing. Since the precursors are mixed at the molecular level in a solution, a high degree of structural homogeneity is achievable; doping is effective; surface area of powder produced is very high, leading to lower processing temperature. Compared to other processing techniques, powder synthesis through aerosol routes represents a simple method for production of oxide, non-oxide, metal and composite powders of complex composition, either in amorphous, crystalline or nanocrystalline state [2] . Solution chemistry approaches offer design of materials at the molecular level, spherical particle morphology with full or hollow spheres, having narrow particle size distribution and a very homogeneous composition. Depending on how the thermal energy is provided to the precursors, affecting the most important particle formation parameters: residence time and temperature distribution, one can distinguish: hotwall processing -spray pyrolysis, flame synthesis, self sustaining flame reactors and self combustion aerosol synthesis [3] . Hot-wall aerosol synthesis is based on the formation of aerosols of precursor solutions and control over the aerosol decomposition in a high temperature tubular flow reactor through the successive processes of droplet evaporation, drying, solute precipitation and decomposition. Since the heterogeneous gas/liquid-solid reaction occurs in a dispersed system-aerosol at the level of few micrometers sized droplets, compositional segregation is prevented and high heating rates (20-300°C/s) could be achieved [2] . During decomposition, the aerosol droplets undergo evaporation/drying, precipitation and thermolysis in a single-step process.
K. Marinković et al. / Processing and Application of Ceramics 4 [3] (2010) [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] Consequently, spherical, solid, agglomerate-free, either submicronic, nanostructured or nanoscaled particles are obtained through the mechanisms of primary nanoparticles coalescence, collision and sintering. Schematic of the hot-wall aerosol synthesis routes is presented in Fig.  1 . Synthesis I refers to the chemical synthesis and solution preparation that could be in the form of true solutions, colloids or emulsions. The modification of the chemistry of the solution, i.e. additives like glycine, urea, sucrose etc. alters the morphology of the particles derived as well as the particle size, size distribution and agglomeration state. The precursors and precursor's chemistry are usually characterized for their physicochemical properties since there is a strong relationship between them and the droplet/particle size [4] . Liquid atomization and aerosol formation occur for the certain values of the acoustic waves amplitude formed by ultrasonic beam (100 KHz-10 MHz). Depending on the atomization technique, either monodispersed or polydispersed droplets could be generated. More about the manner of aerosol formation and equations that govern droplets and particle size distribution was published previously [5] . The generated aerosol is carried out by the flowing gas stream into high-temperature tubular flow reactor. During the main process, denoted as Synthesis II, aerosol droplets undergo evaporation, drying and solute precipitation in a single-step process caused by the mechanisms of heat and mass transfer inside the droplets and between the droplets and surrounding gas. Such mechanism enables high surface reaction, solution stoichiometric retention as well as segregation suppression to the droplet scale.
The primary particles arise through the thermally induced processes of nuclei formation, collision and coalescence, resulting in final spherical arrangement called "secondary particles". The secondary particle size and size distribution are mainly influenced by the properties of aerosol generator and precursor solutions. Primary particles, that represent either crystallites or block-mosaic assembles could coalesced entirely or densified with existing nanoporosity influencing the morphology and size of secondary particles. Processing of nanoparticles can be achieved directly from nano-sized droplets, from very dilute solutions or from submicronic secondary particles, that offer a composite nanograin particle structure [6, 7] . Salt assisted spray pyrolysis (SAD) enable releasing the nano-scaled primary particles by modification the solution chemistry and preventing formation of aggregated primary particles into the secondary particles [8] .
The potentials of the aerosol routes for making solid-states structures at the nano-size level are virtually unlimited, providing possibilities for their unique applications in electronics, optoelectronics, catalysis, energy conversion systems, drug delivery etc. In the framework of our recent research, the synthesis of fine particles have been established for following materials: ZnO [9] , ZnO-Pt(IV) [10], ZnO-Ru(III) [11] and ZnO-Cr 2 O 3 spinel phase [7] . Achievements attained in the synthesis of phosphor materials [5, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , will be reviewed here. droplets and between the droplets and surrounding gas. Such mechanism enables high surface reaction, solution stoichiometric retention as well as segregation suppression to the droplet scale. Fig.1 . Schematic of the hot wall aerosol synthesis route, i.e. spray pyrolysis methodology [5] The primary particles arise through the thermally induced processes of nuclei formation, collision and coalescence, resulting in final spherical arrangement called "secondary particles". The secondary particle size and size distribution are mainly influenced by the properties of aerosol generator and precursor solutions. Primary particles, that represent either crystallites or block-mosaic assembles could coalesced entirely or densified with existing nanoporosity influencing the morphology and size of secondary particles. Processing of nanoparticles can be achieved directly from nano-sized droplets, from very dilute solutions or from submicronic secondary particles, that offer a composite nanograin particle structure [6, 7] . Salt assisted spray pyrolysis (SAD) enable releasing the nano-scaled primary particles by modificating the solution chemistry and preventing formation of aggregated primary particles into the secondary particles [8] .
The potentials of the aerosol routes for making solid-states structures at the nano size level are virtually unlimited, providing possibilities for their unique applications in electronics, optoelectronics, catalysis, energy conversion systems, drug delivery etc. In the
II. Phosphors
Phosphors represent inorganic crystal structures capable of emitting definite quantities of radiation within visible and/or ultraviolet spectrum as a result of excitation by an external energy source such as electron or a photon beam [26, 27] Gadolinia doped with europium has been used in several applications for display devices as effective red phosphor material having improved stability in high vacuum and the absence of corrosive gas emissions under electron bombardment [30] . As part of a program to develop high grade phosphor particles, spherical in shape, agglomerated-free and with a narrow size distribution, nanostructured, spherical Gd 2 O 3 :Eu 3+ phosphor particles sizing bellow 800 nm were synthesized from ultrasonically generated common nitrates solutions, Fig. 2 .
The particle inner structure (Fig. 2b) implies that nano-sized primary particles are assembled in a spherical secondary particle, Fig. 2a . Visual inspection of the particle morphology is done by means of STEM nanotomography corresponding to the particle annealed at low temperature (900°C/12h). The contrast obtained with HAADF-STEM implies bright and dark areas in a spherical shaped particle sized approx. 500 nm, indicating the presence of voids and a rough particle surfaces (Fig. 2c) . In the reconstructed image (Fig. 2d) , the better contrast than the original image confirms the porous surfaces. Particle roughness and agglomeration state are very important factors that affect the luminescence signal. Beside it, the sensitization of the as-prepared particles is a critical stage in phosphor preparation and sensitivity improves with increasing the crystallinity and homogenization of the Eu dopants within the particles. Success in this processing have been obtained with additional thermal treatments of the as-prepared particles above 800°C, where the thermally induced interparticle sintering did not occur and initially obtained morphological features were preserved [12, 24] . Uniform compositional distribution of constitutive elements is confirmed by EFTEM-EELS spectrum presented in Fig. 3 . The comparison between the spectrum indicates the in- STEM image of the tomography tilt series (c) and reconstructed tomography image (d)
The particle inner structure (Fig. 2b) implies that nano sized primary particles are assembled in a spherical secondary particle, Fig.2a . Visual inspection of the particle STEM image of the tomography tilt series (c) and reconstructed tomography image (d)
The particle inner structure (Fig. 2b) implies that nano sized primary particles are assembled in a spherical secondary particle, Fig.2a . Visual inspection of the particle corporation of the Eu in the Gd matrix, while no changes in the energy and intensity M4/M5 ratio (0.83) indicates a +3 oxidation state in the samples with different Eu content (Fig. 3b) . Host gadolinium oxide exhibits two polymorphic forms, low temperature (cubic) and high temperature (monoclinic), so several studies dealing with the investigation of Gd 2 O 3 crystal phases development during aerosol synthesis and their relationship with luminescence properties were reported [31, 32] . XRPD revealed here the presence of two cubic phases in asprepared powders: a bcc phase with Ia3 space group (a ≈ 10.829(3) Å); and a fcc phase with Fm-3m space group (a ≈ 5.6242(1) Å) for the Eu 3+ less doping concentration [33] . In addition, HRTEM analysis (Fig. 4) indicates the locally appearance of a monoclinic phase with c2/m symmetry in this sample, too.
The local appearance of the higher density metastable monoclinic structure is probably a consequence of the extreme synthesis conditions during spray pyrolysis, i.e. high heating rates and short residence time and attributable to the Gibbs-Thomson effect, associated with increased surface tension with nanostructuring [12] . After thermal treatment only the cubic Ia3 phase has been observed, with the cell parameters affected with Eu 3+ doping concentration, followed with progressive increase in crystallite size.
Luminescence studies carried out in Yttria represents one of the best host materials for rare earth ions due to the fact that its ionic radii and crystal structure are very similar to the ones of the rare earth ions. Y 2 O 3 doped with europium is a well known red phosphor material employed in modern high-resolution display devices such as plasma display panels (PDP) and field emission displays (FED) [35] . Here, the nanostructured particles of Y 2 O 3 doped with Eu
3+
Fm-3m space group (a �5.6242(1) Å) for the Eu 3+ less doping concentration [33] . In addition, HRTEM analysis (Fig.4) indicates the locally appearance of a monoclinic phase with c2/m symmetry in this sample, too. Fm-3m space group (a 5.6242(1) Å) for the Eu 3+ less doping concentration [33] . In addition, HRTEM analysis (Fig.4) indicates the locally appearance of a monoclinic phase with c2/m symmetry in this sample, too. were processed through the spray pyrolysis method from nitrate precursors [23] . Synthesis was carried out with an ultrasonic aerosol device operating at 1.3 MHz in air atmosphere connected with a triple-zone tubular flow reactor (200-700-900°C). Particles were submitted to post-thermal treatments at temperatures of 1000 to 1200°C for 12 h in order to increase the crystallinity and uniform distribution of doped centres. The particles obtained were spherical, having narrow size distributions, high compositional homogeneity and unagglomerated (Fig. 5) identified by XRD and TEM-HRTEM/FFT in both as-prepared and thermally treated samples.
Rietveld refinement revealed that crystallite size of the as-prepared powders was around 20nm while sufficient energy supply during the thermal treatment led to crystallite growth (40-130nm for annealing temperatures 1000-1200°C, respectively) and affected structural relaxation (lower values of microstrain in comparison to the values for as-prepared samples), identified by XRD and TEM-HRTEM/FFT in both as-prepared and thermally treated samples.
Rietveld refinement revealed that crystallite size of the as-prepared powders was around 20nm while sufficient energy supply during the thermal treatment led to crystallite growth (40-130nm for annealing temperatures 1000-1200°C, respectively) and affected structural relaxation (lower values of microstrain in comparison to the values for as-prepared samples), The incorporation of gadolinium in the yttria matrix may significantly contribute to the luminescent properties and X-ray absorption coefficient, thus, increasing the field of application in optoelectronic devices such as ceramic scintillators for computed tomography. (Y 1-x Gd x ) 2 O 3 :Eu 3+ system, where the gadolinium content was varied (x = 0.25, 0.50, 0.75), has been synthesized throughout the same conditions as Y 2 O 3 :Eu 3+ . TEM investigations revealed that these systems exhibit the same morphological features as yttrium oxide system. Additionally SAED patterns revealed polycrystalline nature of the particles, while the ring width implied high defect content in as-prepared powders, Fig. 7a . Asprepared samples with composition x = 0.25, 0.50 had solely Ia3 phase, but the sample compositionally closest to pure Gd 2 O 3 , with x = 0.75, showed the same characteristics as gadolinium oxide synthesized under similar conditions, Fig. 7b . Apart from primary, cubic bcc Ia3 phase a second cubic fcc phase with Fm-3m space group was confirmed in as prepared samples [16, 23] . In all thermally treated samples (1100°C, 12 h), Ia3 phase is solely detected.
Observing the optical properties, the same characteristic emission spectra of Eu 3+ ion were seen as in the case of pure Y 2 O 3 :Eu 3+ system. Detailed analysis of the emission spectra showed that in the case of (Y 1-x Gd x ) 2 O 3 :Eu 3+ system a linear increase of maximum Stark splitting (ΔE) occurs with the increase of gadolinium content/lattice parameters, Table 2 . Since maximum splitting of the 7 F 1 manifold is affected by crystal field strength parameter in a proportional way [23, 29] , the increase of ΔE value with the increase of gadolinium content could be treated as a clear indication of almost perfect mixing in solid solutions.
When ), as a yellowemitting component for the production of a white light, is a comprehensively studied previous years due to urgent demand for alternative light source in an illumistronger in the case of as-prepared samples. Above stated observations indirectly depicted more homogeneous distribution of Eu 3+ ions in case of the annealed samples. nation and display area. The broad Ce 3+ emission band originates from the 4f-5d electronic transition with intensive side bands due to vibronic coupling to the lattice and local vibration modes in the YAG lattice. Due to this YAG:Ce 3+ easily convert blue emission from blue light emitting diode (LED) into white LED. Even a lack of cerium emission toward the red region can be suppressed by a co-doping (Tb 3+ ) or cation substituting (Ga 3+ or Gd
) making presently this material to be the phosphor of choice in commercial white LEDs [40] .
Processing of YAG:Ce 3+ powder via spray pyrolysis (ultrasonic and FEAG) has been previously reported [41] . Significant advance is shown due to the mixing of starting reactants at molecular scale, but obtaining of the pure garnet phase was hindered by retaining of amorphous phase or Y 4 Al 2 O 9 , (YAM) and YAlO 3 (YAP) phases appearing. The lack of formation of YAG in all the spray pyrolysis experiments was ascribed to the short heating times and fast heating rates, which resulted in the formation of kinetic products. Therefore, annealing process at high temperatures was applied for the crystallization and activation of cerium-doped YAG particles.
Rationalization of the sequence for nanocrystalline YAG:Ce +3 phase evolution in the particles synthesized by ultrasonic spray pyrolysis method through variation of processing parameters or precursors composition was also the topic of our research [17] [18] [19] [20] [21] [22] 34] . It was shown that particle morphological and structural characteristics are dependent on the applied synthesis methodology, especially regarding the precursors solution modification. Synthesis from common nitrates precursors was performed at 900°C in a tubular flow reactor using the air to carry the aerosol. Short residence time during synthesis resulted in multiphase powder generation. Beside garnet phase, YAM and Y 2 O 3 were also detected [18] . Synthesized particles were submicronic in size, highly spherical and un-ag- . TEM investigations revealed that these systems exhibit the same morphological features as yttrium oxide system. Additionally SAED patterns revealed polycrystalline nature of the particles, while the ring width implied high defect content in as-prepared powders, Fig.7a . As-prepared samples with composition x=0.25, 0.50 had solely Ia3
phase, but the sample compositionally closest to pure Gd 2 O 3 , with x=0.75, showed the same characteristics as gadolinium oxide synthesized under similar conditions, Fig.7b . Apart from primary, cubic bcc Ia3 phase a second cubic fcc phase with Fm-3m space group was confirmed in as prepared samples [16, 23] . In all thermally treated samples (1100°C, 12h), Ia3 phase is solely detected.
Observing the optical properties, the same characteristic emission spectra of Eu 3+ ion were seen as in the case of pure Y 2 O 3 :Eu 3+ system. Detailed analysis of the emission spectra showed that in the case of (Y 1-x Gd x ) 2 O 3 :Eu 3+ system a linear increase of maximum Stark splitting (�E) occurs with the increase of gadolinium content/lattice parameters, Table 2 . Since maximum splitting of the 7 F 1 manifold is affected by crystal field strength parameter in a proportional way [23, 29] , the increase of �E value with the increase of gadolinium content could be treated as a clear indication of almost perfect mixing in solid solutions. throughout the same conditions as Y 2 O 3 :Eu . TEM investigations revealed that these systems exhibit the same morphological features as yttrium oxide system. Additionally SAED patterns revealed polycrystalline nature of the particles, while the ring width implied high defect content in as-prepared powders, Fig.7a . As-prepared samples with composition x=0.25, 0.50 had solely Ia3
Observing the optical properties, the same characteristic emission spectra of Eu glomerated. They exhibit rough surface implying that are built from primary nanoparticles [17] . Their general morphology did not changed significantly with annealing, but their roughness increase further due promoted crystallization affecting their specific surface [19] . Incorporation of Ce 3+ ions at the host is confirmed with the broad emission having peak maximum at 533 nm [17] . The interpretation of the thermo-and radio-luminescence signals from the YAG:Ce 3+ powders implies that the cerium ions are not readily accommodated on the YAG lattice sites during synthesis [12] . Even after annealing cerium ions do not offer a favourable excitation decay path; instead, there are broad emission bands typical of the host lattice defect sites and a very weak luminescence via the cerium on pathway near 300 nm. The complexity of the temperature dependence of the TL as a function of wavelength also suggests that a variety of independent defect sites contributes to the TL. They also indicated numerous anomalies in the temperature dependence of their luminescence lifetime data.
To investigate the nature of the multiphase powder obtaining, an amorphous material with composition corresponding to yttrium aluminum garnet phase with same content of cerium has been synthesized at 320 o C using a similar spray pyrolysis route. Precursor-derived amorphous phase crystallized at temperatures as high as 900 and 1000°C gave multiphase powders with different compositions after 3 h of annealing (YAP, YAP, YAM), while prolongation of treatment at higher temperature result in pure YAG phase formation (Fig. 8) [20] .
In order to achieve additional heating during YAG:Ce 3+ synthesis urea-assisted spray pyrolysis was employed [25] . This route can be regarded as a selfcombustion synthesis confined within a droplet where urea acts as an in-situ source of thermal energy due to its decomposition. The as-prepared non-agglomerated amorphous powder has broad particle size distribution (200-1400 nm) (Fig. 9 ). They were additionally thermally treated in air at 1000 and 1100°C for 6h preserving their morphological characteristics. Despite of precursor modification during synthesis, performed annealing did not yielded pure YAG:Ce 3+ product. While lower temperature is favourable for YAP and YAM phase segregation, increase of heating temperature enhanced YAG phase formation with YAM phase retention. crystallized at temperatures as high as 900 and 1000°C gave multiphased powders with different compositions after 3h of annealing (YAP, YAP, YAM), while prolongation of treatment at higher temperature result in pure YAG phase formation (Fig.8 ) [20] .
In order to achieve additional heating during YAG:Ce 3+ synthesis urea-assisted spray pyrolysis was employed [25] . This route can be regarded as a self-combustion synthesis confined within a droplet where urea acts as an in-situ source of thermal energy due to its decomposition. The asprepared non-agglomerated amorphous powder has broad particle size distribution (200-1400nm) (Fig.9 ). They were additionally thermally treated in air at 1000 and 1100°C for 6h preserving their morphological characteristics. Despite of precursor modification during synthesis, performed annealing did not yielded pure YAG:Ce 3+ product. While lower temperature is favorable for YAP and YAM phase segregation, increase of heating temperature enhanced YAG phase formation with YAM phase retention. Figure 9 . SEM of the as-prepared YAG:Ce 3+ particles obtained through urea-assisted spray pyrolysis at 900 o C; PL spectra of particles treated at 1100 o C(3h). crystallized at temperatures as high as 900 and 1000°C gave multiphased powders with different compositions after 3h of annealing (YAP, YAP, YAM), while prolongation of treatment at higher temperature result in pure YAG phase formation (Fig.8 ) [20] .
In order to achieve additional heating during YAG:Ce 3+ synthesis urea-assisted spray pyrolysis was employed [25] . This route can be regarded as a self-combustion synthesis confined within a droplet where urea acts as an in-situ source of thermal energy due to its decomposition. The asprepared non-agglomerated amorphous powder has broad particle size distribution (200-1400nm) (Fig.9 ). They were additionally thermally treated in air at 1000 and 1100°C for 6h preserving their morphological characteristics. Despite of precursor modification during synthesis, performed annealing did not yielded pure YAG:Ce 3+ product. While lower temperature is favorable for YAP and YAM phase segregation, increase of heating temperature enhanced YAG phase formation with YAM phase retention. Having this in mind, preservation of the molecular homogeneity during precursor synthesis was done through polymerization with an organic complexing agent EDTA and ethylene glycol (EG) [22] . Two reactions are involved, a complex formation between EDTA and metals (via four carboxylate and two amine groups) and esterification between EDTA and EG. Ultrasonically generated aerosol droplets were decomposed at 600°C in argon atmosphere. Following the initial attempt in providing pure YAG:Ce 3+ phase generation the particles were additionally thermally treated for 3 h in air at 1000°C and 1100°C. Comprehensive structural analysis implied that garnet phase was formed without contamination of other phase having different aluminum yttrium composition even at the lower annealing temperature and in a much shorter time. The spherical dense particles comprised grained-like structure, since they are composed of nanosized garnet monocrystals (Fig. 10) . Although uncompleted, cerium incorporation in garnet matrix is confirmed by broad green-yellow emission spectra in the range of 470-670 nm peaking at 521 nm. With this optimization of the spray pyrolysis reaction conditions towards synthesis of pure, unagglomerated YAG:Ce 3+ particles with spherical shape and filled morphology were achieved.
IV. Conclusions
Aerosol route represents a versatile synthesis method for processing novel functional materials. An insight into the diversity of this method and materials that could be produced was briefly reviewed. Particularly, it was shown that spray pyrolysis is one of the simplest among them and is capable in ensuring particle spherical morphology, good crystallinity and uniformity in size and shape. Those characteristics are found to be of great value since they result in well defined phosphor powder characteristics essential for achieving higher brightness and resolution in (Fig.10) . Although uncompleted, cerium incorporation in garnet matrix is confirmed by broad green-yellow emission spectra in the range of 470-670 nm peaking at 521nm. With this optimization of the spray pyrolysis reaction conditions towards synthesis of pure, un-agglomerated YAG:Ce 3+ particles with spherical shape and filled morphology were achieved.
CONCLUSIONS
Aerosol route represents a versatile synthesis method for processing novel functional materials.
An insight into the diversity of this method and materials that could be produced was briefly reviewed. Particularly, it was shown that spray pyrolysis is one of the simplest among them and is capable in ensuring particle spherical morphology, good crystallinity and uniformity in size and (Fig.10) . Although uncompleted, cerium incorporation in garnet matrix is confirmed by broad green-yellow emission spectra in the range of 470-670 nm peaking at 521nm. With this optimization of the spray pyrolysis reaction conditions towards synthesis of pure, un-agglomerated YAG:Ce 3+ particles with spherical shape and filled morphology were achieved.
An insight into the diversity of this method and materials that could be produced was briefly reviewed. Particularly, it was shown that spray pyrolysis is one of the simplest among them and is capable in ensuring particle spherical morphology, good crystallinity and uniformity in size and
